Macrophages have been proposed as a key cell type in the pathogenesis of renal fibrosis; however, the mechanism by which macrophages drive fibrosis is still unclear. We show that expression of galectin-3, a ␤-galactoside-binding lectin, is up-regulated in a mouse model of progressive renal fibrosis (unilateral ureteric obstruction, UUO), and absence of galectin-3 protects against renal myofibroblast accumulation/ activation and fibrosis. Furthermore, specific depletion of macrophages using CD11b-DTR mice reduces fibrosis severity after UUO demonstrating that macrophages are key cells in the pathogenesis of renal fibrosis. Disruption of the galectin-3 gene does not affect macrophage recruitment after UUO, or macrophage proinflammatory cytokine profiles in response to interferon-␥/lipopolysaccharide. In addition, absence of galectin-3 does not affect transforming growth factor-␤ expression or Smad 2/3 phosphorylation in obstructed kidneys. Adoptive transfer of wild-type but not galectin-3 ؊/؊ macrophages did, however, restore the fibrotic phenotype in galectin-3 ؊/؊ mice. Cross-over experiments using wild-type and galectin-3 ؊/؊ macrophage supernatants and renal fibroblasts confirmed that secretion of galectin-3 by macrophages is critical in the activation of renal fibroblasts to a profibrotic phenotype. Therefore, we demonstrate for the first time that galectin-3 expression and secretion by macrophages is a major mechanism linking macrophages to the promotion of renal fibrosis. 
chronic inflammatory milieu, macrophages interact with other cell types including cells of mesenchymal origin (fibroblasts) that transdifferentiate into matrix-secreting myofibroblasts, with resultant scar formation and disruption of tissue architecture. Advanced renal fibrosis with kidney failure is a major health care burden worldwide, 1 and long-term dialysis or transplantation are the only therapeutic options currently available.
2 Therefore increasing our understanding of the complex interplay between chronic inflammation and progressive fibrosis is a critical step toward the design of rational new treatments.
The importance of macrophages in the wound-healing response has been known for some time. In the 1970s studies on skin wound healing by Leibovich and Ross 3, 4 demonstrated that macrophage depletion (with hydrocortisone and anti-macrophage serum) resulted in the delayed appearance of fibroblasts, and their subsequent rate of proliferation was lower than that of controls. More recently, we have shown that selective depletion of macrophages in a model of hepatic inflammation significantly attenuates liver fibrosis. 5 In the kidney there is a striking correlation between tubulointerstitial macrophage infiltration and the severity of fibrosis in human biopsies and the subsequent development and progression of chronic renal failure to end-stage renal failure requiring dialysis. 6, 7 Experimental hydronephrosis induced by unilateral ureteric obstruction (UUO) is a clinically relevant animal model because it mimics congenital obstructive nephropathy (the major cause of end-stage renal disease in children 8 ), with progression through the different stages of obstructive nephropathy leading to tubulointerstitial fibrosis. 9 Experimental hydronephrosis secondary to UUO is neutrophil-and lymphocyte-independent and is characterized by a marked tubulointerstitial macrophage infiltrate, 10, 11 interstitial myofibroblast and tubular epithelial cell proliferation, and progressive scarring with deposi-tion of extracellular matrix early in the course of the disease. 12, 13 Furthermore, the inhibition of tubulointerstitial macrophage recruitment reduces the extent and severity of renal fibrosis 14 -18 demonstrating that macrophages play a major role in driving fibrosis after UUO.
Galectin-3 is a ␤-galactoside-binding animal lectin of ϳ30 kDa 19 that is highly expressed and secreted by macrophages. 20, 21 It is up-regulated when monocytes differentiate into macrophages 21 and down-regulated when macrophages differentiate into dendritic cells. 22 Furthermore, galectin-3 is a potent mitogen for fibroblasts in vitro, [23] [24] [25] [26] and our previous work has demonstrated that galectin-3 regulates myofibroblast activation and hepatic fibrosis in vivo. 27 We hypothesized that the major tissue source of galectin-3 driving fibrosis is macrophage-derived, and using a model of hydronephrosis we set out to define whether macrophage-derived galectin-3 is a major mechanism linking macrophages to the promotion of renal myofibroblast activation and fibrosis.
Materials and Methods
Tissue culture reagents were purchased from Life Technologies (Paisley, UK). Tissue culture plastics were obtained from Costar (Loughborough, UK) and Falcon (Runcorn, UK). Cytokines and recombinant mouse galectin-3 were purchased from R&D Systems (Abingdon, UK) and Peprotech EC Ltd. (London, UK). The galectin-3 inhibitor bis-[3-deoxy-3-(3-methoxybenzamido)-␤-D-galactopyranosyl]-sulfane was provided by U. Nilsson and H. Leffler, University of Lund, Sweden. 28 All other reagents were from SigmaAldrich Company Ltd. (Poole, UK) unless otherwise stated.
Animals
Mice were maintained in 12-hour light/12-hour dark cycles with free access to food and water. All procedures were performed in accordance with Home Office guidelines [Animals (Scientific Procedures) Act 1986]. Generation of galectin-3 Ϫ/Ϫ mice by gene-targeting technology has been described previously. 29 As control, age-and sex-matched wild-type littermate mice were used. CD11b-DTR mice were generated and characterized as previously described. 5 Strain-matched controls (FVB/N) were purchased from B and K Ltd. (Hull, UK). All in vivo studies had six mice in each experimental group.
Model of Kidney Fibrosis Using UUO
UUO was performed by ligation of the left ureter as described previously. 12 Sham-operated control mice underwent an identical surgical procedure to the UUO mice except ligation of the ureter was not performed. Kidneys were harvested at days 3, 7, and 14 after UUO. For macrophage ablation CD11b-DTR mice and strainmatched control FVB/N mice (six mice per group) received three intravenous injections of either diphtheria toxin (DT) (25 ng/g body weight) or phosphate-buffered saline after UUO on days 4, 5, and 6. Kidneys were harvested at day 7 and quartered, and samples were then fixed in either methyl Carnoy's reagent (60% methanol, 30% chloroform, 10% glacial acetic acid) for assessment of macrophage infiltration or neutral buffered formalin for immunohistochemistry. Samples were also snap-frozen in liquid nitrogen for real-time reverse transcriptase-polymerase chain reaction (RT-PCR) analysis.
Macrophage Preparation
Bone marrow-derived macrophages (BMDMs) were prepared from wild-type (WT) and galectin-3 Ϫ/Ϫ mice by maturing bone marrow cells in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and 20% L929 conditioned media for 7 to 9 days as described previously. 30 Mature BMDMs (5 ϫ 10 5 /well) were added to the wells of 24-well plates (or plated onto glass coverslips for immunofluorescence). After 3 hours the wells were washed to remove nonadherent cells. Wells were treated with lipopolysaccharide (LPS) (100 ng/ml) and murine interferon-␥ (IFN-␥) (100 U/ml) in serum-free media. After 24 hours of incubation, the supernatants were harvested and clarified by centrifugation at 10,000 ϫ g for 5 minutes and frozen at Ϫ80°C. In vivo-derived peritoneal macrophages were obtained from peritoneal lavage and separated by adhesion onto tissue culture plastic.
Cytokine Analysis
Cytokine release in macrophage supernatants was determined by cytometric bead array, mouse inflammation kit (BD Biosciences, Oxford, UK).
Immunohistochemistry and Immunofluorescence
Paraffin-embedded sections of mouse tissue were processed for immunohistochemistry as described previously, 5 and the following primary antibodies were used: mouse monoclonal anti-␣-SMA clone 1A4 (Sigma), rat monoclonal anti-mouse galectin-3 clone 8942F (Cedarlane, Ontario, Canada), and rat anti-mouse F4/80 clone CI:A3-1 (Serotec, Oxford, UK). Methyl Carnoy's-fixed paraffinembedded sections (4 m) were used to assess macrophage infiltration (F4/80-positive cells), and sections were visualized and quantified as previously described. 15 The detection of renal fibrocytes was performed by immunofluorescence using specific antibodies against CD34 (Santa Cruz Biotechnology, Santa Cruz, CA), CD45 (Santa Cruz Biotechnology), and type I collagen polyclonal antibody (Chemicon International, Temecula, CA). CD34, CD45, and collagen I immunofluorescence staining of formalin-fixed sections was performed using species-specific Alexa-568-and Alexa-488-conjugated secondary antibodies and fluorescence microscopy (Carl Zeiss Ltd., Welwyn Garden City, UK). BMDMs plated on glass coverslips were washed and fixed in 3% paraformaldehyde and subjected to indirect immunofluorescence with anti-galectin-3-fluorescein isothiocyanate antibody and then anti-fluorescein isothiocyanate-Alexa-488 antibody. Nuclei were labeled with 4,6-diamidino-2-phenylindole.
Determination of Interstitial Fibrosis of the Renal Cortex
Renal fibrosis was visualized microscopically and quantified with the use of a picrosirius red stain as described previously. 5 Digital image analysis was used to quantitate the amount of red-stained collagen fibers. Morphometric measurements of 10-m sections stained with picrosirius red were made using OpenLab software (Improvision, Coventry, UK). Twelve nonoverlapping fields at ϫ400 magnification from each section (captured with a Leica DMLB microscope, Leica DC300 camera, and Leica image manager; Leica, Milton Keynes, UK) were analyzed in a blinded manner. Each captured field was analyzed by separation into red, green, and blue (RGB) filters, and the red area was mathematically divided by the red, green, and blue (RGB) area and multiplied by 100%. This represents the percentage area staining positively for collagen fibers, providing a quantitative value on a continuous scale.
Western Blotting
Western blot analysis was undertaken using the following primary antibodies: mouse monoclonal anti-␣-smooth muscle actin (SMA) antibody clone 1A4 (Sigma), mouse monoclonal anti-galectin-3 antibody clone A3A12 (Alexis Biochemicals, Nottingham, UK), rabbit polyclonal antiphospho-Smad2 and anti-phospho-Smad3 (Biosource, Paisley, UK), and goat polyclonal total Smad2/3 antibody (Santa Cruz Biotechnology).
Real-Time RT-PCR
Total RNA from whole kidney was reverse-transcribed into cDNA using random hexamers (Applied Biosystems, Warrington, UK). Mouse primers and probes were as follows: galectin-3: forward 5Ј-TTGAAGCTGACCACT-TCAAGGTT-3Ј, reverse 5Ј-AGGTTCTTCATCCGATGGT-TGT-3Ј, probe FAM 5Ј-CGGTCAACGATGCTCACCTACT-GCA-3Ј TAMRA; ␣-SMA: forward 5Ј-TCAGCGCCTCCA-GTTCCT-3Ј, reverse 5Ј-AAAAAAAACCACGAGTAACA-AATCAA-3Ј; probe FAM 5Ј-TCCAAA TCATTCCTGC-CCA-3Ј TAMRA; procollagen(I): forward 5Ј-TTCACCTA-CAGCACGCTTGTG-3Ј, reverse 5Ј-GATGACTGTCTTGC-CCCAAGTT-3Ј, probe FAM 5Ј-ATGGCTGCACGAGTC-ACA-3Ј TAMRA; transforming growth factor (TGF)-␤: forward 5Ј-CACCGGAGAGCCCTGGATA-3Ј, reverse 5Ј-TG-TACAGCTGCCGCACACA-3Ј, probe FAM 5Ј-CAACTAT-TGCTTCAGCTCCACAGAGAAGAACTG-3Ј TAMRA. 18S rRNA TaqMan primer probe mix was purchased from Applied Biosystems.
Adoptive Transfer
Mature BMDMs (day 7) were prelabeled with fluorescent Cell-Tracker Orange as per the manufacturers instructions (Molecular Probes, Eugene, OR). Galectin-3 Ϫ/Ϫ mice underwent UUO surgery at day 0 and received 5 ϫ 10 6 WT or galectin-3 Ϫ/Ϫ BMDMs at days 1, 3, and 5 intravenously. Tissues were harvested on day 7 including both UUO and contralateral kidney, liver, spleen, and lung.
Isolation of Renal Fibroblasts and Crossover Experiments
Primary cultures of renal fibroblasts were isolated by trypsin digestion (0.25% for 2 hours at 37°C) of minced normal mouse kidneys, and digests were passed through a 20-m cell strainer (Becton Dickinson, Oxford, UK) to remove glomeruli. Cells were cultured undisturbed in Dulbecco's modified Eagle's medium containing 15% fetal calf serum for 8 days until cells were confluent. Renal fibroblasts were used at passage 2. Mature BMDMs (1 ϫ 10 6 cells) were plated in six-well tissue culture dishes and incubated in 1 ml of serum-free media for 48 hours. Conditioned media from BMDMs (0.5 ml) or control media were added to 0.5 ml of renal fibroblasts (4 ϫ 10 4 cells). Cells were incubated for a further 48 hours (final fetal calf serum concentration, 7.5%) before lysis and Western analysis.
Statistical Analysis
Results are presented as means Ϯ SEM. Significance of the differences between means was assessed using oneway analysis of variance or two-tailed Student's t-test. Values of P Ͻ 0.05 were considered significant. Unless stated otherwise, studies were performed on three to six independent occasions. 
Results

Galectin-3 Expression Is Up-Regulated in a Mouse Model of Progressive Renal Fibrosis (UUO)
Galectin
Absence of Galectin-3 Protects against Renal Fibrosis
The significance of the induction of galectin-3 expression in the development of renal fibrosis was examined using the UUO model of progressive renal scarring. Renal collagen deposition was stained with picrosirius red (Figure 2 , a and b) and quantified using digital image analysis. Significantly reduced collagen deposition was observed in the galectin-3 Ϫ/Ϫ mice compared with WT (P Ͻ 0.05, Figure 2c ). Furthermore transcripts for procollagen (I) were also reduced in the galectin-3 Ϫ/Ϫ group compared with WT animals (Figure 2d , P Ͻ 0.05). Immunohistochemical examination revealed markedly reduced ␣-SMA positivity (a marker of activated myofibroblasts, a key cell type involved in extracellular matrix production and scarring in the kidney) in galectin-3 Ϫ/Ϫ compared with WT mice in the UUO model ( Figure 2 , e and f). ␣-SMA was quantified using digital image analysis, and significantly less ␣-SMA staining occurred in the galectin-3 Ϫ/Ϫ mice compared with WT ( Figure  2g , P Ͻ 0.05). ␣-SMA mRNA transcripts, as assessed by real-time PCR, were significantly decreased in the galectin-3 Ϫ/Ϫ mice compared with WT animals (Figure 2h , P Ͻ 0.01). Therefore absence of the galectin-3 gene protects against renal fibrosis after UUO.
Specific Depletion of Macrophages Reduces Fibrosis Severity after UUO
Previous studies in which macrophage recruitment to the kidney was inhibited have suggested a role for macrophages in the development of renal fibrosis. 14 -18 However, a number of the approaches used do not deplete macrophages specifically, and some deplete neutrophils simultaneously, thereby making interpretation of some of the results more difficult. 31, 32 We used the CD11b-DTR mouse 5, 33, 34 to investigate further the role of macrophages in the evolution of tubulointerstitial scarring. The administration of DT to CD11b-DTR mice specifically ablates monocytes and macrophages. 5, 34 Immunostaining for macrophages confirmed marked depletion of macrophages in DT-treated mice (Figure 3 , a-c) compared to vehicle-treated control mice. We confirmed previous data showing that the numbers of circulating neutrophils, eosinophils, and lymphocytes are not affected by DT treatment in the DTR mouse by flow cytometry (data not shown) 5, 33 Macrophage ablation significantly reduced myofibroblast activation and decreased fibrosis as characterized by reduced ␣-SMA (Figure 3 , d-f) and collagen expression ( Figure 3, g-i) , confirming an important mechanistic role for macrophages in tubulointerstitial scarring after UUO. Circulating fibrocytes derived from the bone marrow have also been shown to contribute to renal fibrosis. 35 Therefore we assessed whether administration of diphtheria-toxin (DT) in our macrophage depletion model had any effect on fibrocyte recruitment to the kidney after UUO. Figure 4 demonstrates that DT treatment did not significantly deplete kidney fibrocyte recruitment after UUO compared with non-DT controls. These results demonstrate that the development of tubulointerstitial fibrosis after UUO is macrophage-dependent.
Disruption of the Galectin-3 Gene Does Not Affect Macrophage Recruitment after UUO or Macrophage Proinflammatory Cytokine Profiles in Response to IFN-␥/LPS
UUO induces severe tubulointerstitial renal injury characterized by a marked interstitial mononuclear cell infiltrate with interstitial myofibroblast and tubular epithelial cell proliferation and deposition of extracellular matrix. 10, 11 Because the development of tubulointerstitial fibrosis after UUO is macrophage-dependent, we assessed whether defective mac- Absence of galectin-3 protects against renal fibrosis. Mice underwent control (sham operation) or UUO and were sacrificed at 7 days (n ϭ 6 mice in each group). a-c: Renal collagen deposition was examined by picrosirius red staining (a, b) and quantified using digital image analysis (c). c: Significantly reduced collagen deposition was observed in the galectin-3 Ϫ/Ϫ mice compared with WT 7 days after ureteral ligation (*P Ͻ 0.05). d: Furthermore, transcripts for procollagen (I) were also reduced in the galectin-3 Ϫ/Ϫ group compared with WT animals (*P Ͻ 0.05). e and f: Immunohistochemistry revealed markedly reduced ␣-SMA positivity (a marker of myofibroblast activation) in galectin-3 Ϫ/Ϫ compared with WT mice 7 days after ureteral ligation. g: ␣-SMA was quantified using digital image analysis, and significantly less ␣-SMA staining occurred in the galectin-3 Ϫ/Ϫ mice compared with WT (*P Ͻ 0.05). h: ␣-SMA mRNA transcripts, as assessed by real-time RT-PCR, were significantly decreased in the galectin-3 Ϫ/Ϫ mice compared with WT animals (*P Ͻ 0.01). Scale bars ϭ 100 m.
rophage recruitment in galectin-3 Ϫ/Ϫ mice was responsible for the reduction in renal fibrosis observed after UUO. Figure 5 , a-d, shows hematoxylin and eosin (H&E) staining of kidneys from WT and galectin-3 Ϫ/Ϫ mice after sham operation or UUO for 3 days. Renal macrophages were stained with F4/80 ( Figure 5 , e-h) and quantitated by digital image analysis. Macrophage recruitment was similar in WT and galectin-3 Ϫ/Ϫ mice at all time points studied (days 0, 3, 7, and 14) (Figure 5i ). We then examined the cytokine response of BMDMs and in vivo-differentiated WT and galectin-3 Ϫ/Ϫ peritoneal macrophages to stimulation with IFN-␥/ LPS. There was no significant difference in interleukin (IL)-6 or tumor necrosis factor (TNF)-␣ release in response to IFN-␥/LPS in BMDMs or in vivo-differentiated peritoneal macrophages isolated from galectin-3 Ϫ/Ϫ or WT mice (Figure 5, j-m ). These data demonstrate that the difference in renal fibrosis observed between the two genotypes is not secondary to a difference in the number of macrophages recruited or the macrophage proinflammatory cytokine profile in response to activation with IFN-␥/LPS.
Disruption of the Galectin-3 Gene Does Not Affect TGF-␤ Expression or Smad 2/3 Phosphorylation in Obstructed Kidneys
Previous studies have implicated TGF-␤ as an important mediator of fibrosis in the kidney. 36, 37 However, mecha- nisms of renal fibrosis also exist that are TGF-␤-independent. 38 Therefore we examined whether decreased levels of TGF-␤ expression in the kidney may be responsible for the observed reduction in renal myofibroblast accumulation/activation and collagen synthesis in galectin-3 Ϫ/Ϫ kidneys compared to WT after UUO. WT and galectin-3 Ϫ/Ϫ mice underwent left UUO and kidneys were harvested at days 3, 7, and 14. TGF-␤ mRNA expression (analyzed by real-time quantitative PCR of renal tissue) was markedly elevated compared to control after UUO at days 3, 7, and 14 ( Figure 6, a-c) . However, there was no significant difference in renal TGF-␤ mRNA expression between WT and galectin-3 Ϫ/Ϫ mice after UUO at any of the time points studied (Figure 6, a-c) . In the presence of TGF-␤ ligand, Smad2 and Smad3, of the receptor-activated Smad family of transcriptional activators, are phosphorylated directly by the TGF-␤ receptor I kinase. 39 Therefore we measured pSmad2 and pSmad3 expression in lysates from control and UUO kidneys (Figure 6d ). There was no significant difference in Smad2 or Smad3 phosphorylation between WT and galectin-3 Ϫ/Ϫ mice ( Figure 6, d and e) . Therefore disruption of the galectin-3 gene blocks renal fibrosis despite similar expression levels of TGF-␤ and Smad 2/3 phosphorylation.
Macrophage-Derived Galectin-3 Drives Myofibroblast Accumulation/Activation in the Kidney after UUO
Macrophages have abundant galectin-3 within their nucleus and cytoplasm (Figure 7a ) and are able to secrete substantial amounts of galectin-3 into the supernatant in cell culture (Figure 7b) . We hypothesized that a major cellular source of galectin-3 during tissue inflammation and fibrosis is the macrophage, and secretion of galectin-3 by macrophages drives myofibroblast activation and renal fibrosis. To test this hypothesis, we adoptively transferred WT and galectin-3 Ϫ/Ϫ macrophages into galectin-3 Ϫ/Ϫ mice after UUO. WT and galectin-3 Ϫ/Ϫ BMDMs were prelabeled with fluorescent Cell Tracker Orange and adoptively transferred into galectin-3 Ϫ/Ϫ mice after UUO ( Figure 7, c and d ). Kidneys were harvested at day 7 after UUO, when we and others have shown that fibrosis can be observed. 35, 40 Infiltration of WT or galectin-3 Ϫ/Ϫ macrophages to the cortex of the obstructed kidneys was quantified by digital image analysis. The recruitment of WT or galectin-3 Ϫ/Ϫ macrophages to the kidneys was comparable (Figure 7, e, f, and k) . We also Ϫ/Ϫ mice at all time points studied after UUO (days 0, 3, 7, and 14) (n ϭ 6 mice in each group, P ϭ NS). BMDMs and peritoneal macrophages were stimulated with IFN-␥ (100 U/ml) for 48 hours, and LPS (100 ng/ml) was added for the last 24 hours. BMDM supernatants were assayed for IL-6 (j) and TNF-␣ (k) (galectin-3 Ϫ/Ϫ , open bars; WT, filled bars). Peritoneal macrophage supernatants were assayed for IL-6 (l) and TNF-␣ (m) (galectin-3 Ϫ/Ϫ , open bars; WT, filled bars). The results represent the mean Ϯ SEM of three experiments (P ϭ NS). Scale bars ϭ 100 m.
examined other major organs for evidence of macrophage engraftment. As expected, low levels of macrophage engraftment were seen in the liver and spleen (reflecting hepatic and splenic anatomy with sinusoidal fenestrations). However, there was no significant macrophage engraftment in the contralateral kidney or lung. Adoptive transfer of WT macrophages drove the accumulation/activation of interstitial myofibroblasts in the UUO kidney as indicated by the significantly increased interstitial expression of ␣-SMA (assessed using digital image analysis) in contrast to galectin-3 Ϫ/Ϫ macrophages, which did not (Figure 7 , g, h, and l). Although ␣-SMA is also expressed on vascular smooth muscle cells and some ␣-SMA-positive interstitial cells do not produce collagen, ␣-SMA is a widely used surrogate marker for renal myofibroblast activation. Our quantitation of ␣-SMA excluded staining around blood vessels and only ␣-SMA-positive interstitial cells were evaluated. Adoptive transfer of WT macrophages also resulted in increased collagen expression in the UUO kidney [assessed by picrosirius red staining, digital image analysis, and RT-PCR for procollagen (I) mRNA expression] (Figure 7, i, j, m, and n) . These data demonstrate that macrophage-derived galectin-3 is a major profibrogenic stimulus within the kidney, driving myofibroblast accumulation/activation and collagen expression after UUO.
Galectin-3-Positive Macrophages Promote Renal Fibroblast Activation in Vitro
To dissect further our in vivo model in vitro and confirm whether secretion of galectin-3 by macrophages is a key regulator involved in renal myofibroblast activation, we used an in vitro cross-over model (Figure 8 ). Galectin-3 Ϫ/Ϫ renal fibroblasts were isolated and incubated with supernatants collected from either WT or galectin-3
BMDMs. Before lysis and Western blotting for ␣-SMA, cells were counted, and no significant difference in cell counts was seen throughout the different conditions analyzed. As expected, mouse recombinant galectin-3 (30 g/ml) activated galectin-3 Ϫ/Ϫ renal fibroblasts as evidenced by increased ␣-SMA expression. Furthermore, incubation of galectin-3 Ϫ/Ϫ renal fibroblasts in conditioned media from WT BMDMs but not galectin-3 Ϫ/Ϫ BMDMs resulted in markedly increased ␣-SMA expression ( Figure  8 ). Galectin-3 Ϫ/Ϫ renal fibroblast activation by WT BMDM-conditioned media was inhibited by the galectin-3 inhibitor [bis-(3-deoxy-3-{3-methoxybenzamido}-␤-D-galactopyranosyl)-sulfane 28 ], further confirming that galectin-3 expression and secretion by macrophages is an important mechanism in the promotion of the profibrotic phenotype in renal fibroblasts.
Discussion
Macrophages have been proposed as an important cell type in the pathogenesis of renal fibrosis; however, the mechanism by which macrophages drive fibrosis is still unclear. In this study we examined whether galectin-3 is a key mediator linking macrophages to the promotion of renal fibrosis. We have demonstrated the following: 1) galectin-3 expression is up-regulated in a mouse model of progressive renal fibrosis (UUO), and absence of galectin-3 protects against renal myofibroblast accumulation/activation and fibrosis. 2) Specific depletion of macrophages using CD11b-DTR mice reduces fibrosis severity after UUO demonstrating that macrophages are key cells in the pathogenesis of renal fibrosis. . Disruption of the galectin-3 gene does not affect TGF-␤ expression or Smad 2/3 phosphorylation in obstructed kidneys. WT and galectin-3 Ϫ/Ϫ mice underwent UUO, and kidneys were harvested at days 3, 7, and 14. a-c: RNA was extracted, and TGF-␤ gene expression was measured as described in Materials and Methods by real-time RT-PCR. TGF-␤ mRNA transcripts were markedly elevated compared to control after UUO at days 3, 7, and 14 (P Ͻ 0.01 compared to control kidney). However, there was no significant difference in renal TGF-␤ mRNA expression between WT and galectin-3 Ϫ/Ϫ mice after UUO at any of the time points studied. P ϭ NS. d: Western blot of pSMAD2 and pSMAD3 expression in lysates from control and UUO kidneys at day 7 (each lane represents a different mouse). e: Quantification by optical densitometry using Image J. days after UUO. 41 Furthermore adoptive transfer of macrophages at later time-points during the course of UUOinduced renal injury can ameliorate renal fibrosis. 42 Therefore the role of macrophages in renal scarring after UUO may be contextual, with the macrophage able to play both a profibrotic and reparative role at different times, dependent on the stage and degree of renal inflammation and injury.
Therefore to determine further the role of the macrophage in the evolution of renal scarring at day 7 after UUO, we used the CD11b-DTR mouse. 5, 33, 34 Our data and those of others 5, 33 show that DT in the DTR mouse causes specific macrophage depletion and does not affect the numbers of circulating T lymphocytes or granulocytes including neutrophils and eosinophils. Macrophage ablation significantly decreased myofibroblast activation and renal fibrosis, thus confirming a specific role for macrophages in renal scarring after UUO (day 7). However, whereas the central role of the renal myofibroblast in extracellular matrix secretion and kidney fibrosis is widely accepted, interesting data has emerged throughout the last few years that questions the origin and lineage of these cells. 35, 43, 44 Fibrocytes are a distinct population of circulating cells with fibroblast properties that can specifically enter sites of tissue injury, have a unique cell-surface phenotype expressing hemopoietic and myeloid markers (CD11b
, and are capable of secreting collagen. 45, 46 Because fibrocytes express CD11b, among other markers, we assessed whether macrophage depletion in our CD11b-DTR mouse had any nonspecific effects on fibrocyte recruitment to the kidney. We found that macrophage depletion using DT had no deleterious effects on fibrocyte (CD34/collI ϩve and CD45/ collI ϩve ) recruitment, and therefore nonspecific effects on fibrocytes were not responsible for the observed reduction in renal myofibroblast activation and collagen expression. The precise reason why macrophages are specifically depleted in this model and other CD11b-expressing cells are insensitive to DT is unclear but may be attributable to differential gene expression or as a result of lower levels of protein synthesis compared to macrophages.
TGF-␤ has been implicated as an important mediator of renal fibrosis, 36, 37 however TGF-␤-independent mechanisms of renal fibrosis have also been reported. 38 We found that galectin-3 Ϫ/Ϫ mice are protected from renal fibrosis after UUO despite developing a macrophage infiltrate comparable to wild-type mice. In-depth analysis of galectin-3 Ϫ/Ϫ and wild-type macrophages demonstrated a similar proinflammatory cytokine response to IFN-␥/LPS, and we have also previously shown that galectin-3 Ϫ/Ϫ BMDMs do not have a deficit in TGF-␤ production 27 compared to wild type. In our adoptive transfer experiments ( Figure 7 ; adoptively transferred wild-type and galectin-3 Ϫ/Ϫ macrophages into a galectin-3-null background), adoptive transfer of wild-type or galectin-3 Ϫ/Ϫ macrophages after UUO resulted in similar levels of renal Smad2/3 phosphorylation (data not shown). Furthermore, whole tissue renal TGF-␤ levels and Smad2 and Smad3 phosphorylation increased to a similar extent in wild-type and galectin-3 Ϫ/Ϫ mice after UUO ( Figure 6 ). Therefore despite comparable renal expression of TGF-␤ and intact TGF-␤ signaling to Smad 2 and Smad3 in wild-type and galectin-3 Ϫ/Ϫ mice, absence of galectin-3 markedly inhibited fibrosis after UUO, suggesting that TGF-␤-mediated renal fibrosis requires galectin-3.
Galectin-3 is a potent activator of fibroblasts isolated from a broad range of tissues including the kidneys, liver, gut, and heart. [25] [26] [27] 47, 48 Infiltration of macrophages is common to almost all forms of adult wound healing and repair, regardless of organ type, and as demonstrated above macrophages appear critical in the promotion of renal fibrosis after UUO. However, the mechanisms that allow macrophages to communicate with extracellular matrix-secreting myofibroblasts and thus drive fibrosis within the chronic inflammatory milieu are still unclear. In a rat model of heart failure, myocardial macrophage galectin-3 is highly up-regulated during the onset of disease, serving to identify animals that later developed rapid heart failure. Furthermore, galectin-3 was associated with cardiac fibroblast proliferation and collagen deposition. 48 Therefore, we hypothesized that the major tissue source of galectin-3 driving renal fibrosis is macrophage derived. The adoptive transfer of wild-type but not galectin-3 Ϫ/Ϫ macrophages resulted in myofibroblast accumulation/activation and collagen deposition. Thus, despite normal recruitment of galectin-3 Ϫ/Ϫ macrophages to obstructed kidneys, they were unable to drive myofibroblast accumulation/activation and fibrosis. Further testing of our hypothesis in vitro using cross-over experiments with wild-type and galectin-3 Ϫ/Ϫ macrophage supernatants and galectin-3 Ϫ/Ϫ renal fibroblasts confirmed that galectin-3 secretion by macrophages is a 6 cells) were plated in six-well tissue culture dishes, incubated in serum-free media, and conditioned media (0.5 ml) was collected after 48 hours. Galectin-3 Ϫ/Ϫ renal fibroblasts were isolated by trypsin digestion as described in Materials and Methods. rG3 refers to recombinant mouse galectin-3 (30 g/ml). Conditioned media (CM) from BMDMs (0.5 ml) or control media were added to 0.5 ml of renal fibroblasts (4 ϫ 10 4 cells). WT BMDM-conditioned media were also added in the presence of 5 mol/L galectin-3 inhibitor (G-3I) [bis-(3-deoxy-3-{3-methoxybenzamido}-␤-D-galactopyranosyl)-sulfane]. 28 Cells were incubated for a further 48 hours (final fetal calf serum concentration, 7.5%) before lysis. ␣-SMA expression in galectin-3 Ϫ/Ϫ renal fibroblast lysates was measured by Western analysis and quantified by optical densitometry using Image J. Results represent the mean Ϯ SEM of three to four independent experiments.
296 Henderson et al AJP February 2008, Vol. 172, No. 2 key event in the activation of renal fibroblasts to a profibrotic phenotype.
These data, together with our previous findings demonstrating an important role for galectin-3 in the development of liver fibrosis, 27 suggest that galectin-3 may play a more general pan-organ role in fibrosis. We have demonstrated a profibrotic signaling axis between macrophages and tissue fibroblasts mediated by galectin-3, which may be broadly applicable to scarring conditions in other organs where chronic inflammation results in the close apposition of these two cell types. Therefore, targeted inhibition of macrophage galectin-3 expression and secretion may result in the development of novel antifibrotic therapies.
